1. Introduction {#s0005}
===============

CD166, also titled as activated leukocyte cell adhesion molecule (ALCAM), is a glycoprotein belonging to the immunoglobulin superfamily of adhesion molecules [@bib1]. Unlike other adhesion molecules, which are usually down-regulated during malignant transformation, CD166 often shows increased expression in certain cancers [@bib2], [@bib3], which indicates that CD166 is under strict regulation during carcinogenesis. Our previous studies have identified that CD166 works well as a cancer stem-like cell (CSC) marker in head and neck cancers (HNCs) with a large repertoire of cellular functions [@bib4]. However, the post-translational regulatory mechanisms underlying CD166 turnover remain elusive.

The ubiquitin-proteasome system is a major pathway that contributes to intracellular proteostasis. The carboxy-terminus of Hsc70 interacting protein (CHIP) has been identified as an E3 ubiquitin ligase and a potent regulator protein in maintaining protein homeostasis in diverse cellular processes [@bib5], [@bib6], [@bib7]. Structurally, three tandem repeats of the tetratricopeptide (TPR) motif and a C-terminal U-box domain (U-box) contribute to the bioactivities of CHIP as a chaperone-associated E3 ubiquitin ligase involved in the ubiquitin-proteasome system [@bib8], [@bib9]. CHIP post-translationally controls the turnover of its substrate proteins and exerts regulatory roles in a myriad of biological processes [@bib10], [@bib11].

Until recently, accumulating evidences have suggested a role for CHIP in the initiation and progression of some cancers [@bib11], [@bib12], [@bib13]. During the development of carcinogenesis, the production of mutated or aberrant cellular proteins must be gradually increased during malignant transformation and in response to genetic instability processes [@bib14], [@bib15]. As reported previously, CHIP induces ubiquitylation and degradation of several oncogenic proteins [@bib11], [@bib16], [@bib17], [@bib18], which has increased interest in understanding the mechanisms of CHIP in the context of carcinogenesis. Accordingly, the diversities of CHIP substrate proteins present heterogeneity among different tissues derived cancers. A comprehensive understanding of the function of CHIP depends on the in-depth study of its target proteins in different cancer types.

In the present study, we found that CHIP functions as an E3 ligase for CD166 by increasing the ubiquitination and degradation, thus contributing to the regulation of the CSC properties of HNCs. Our work also suggests that the regulation of CD166 could provide new options for diagnosing and treating HNCs.

2. Methods and materials {#s0010}
========================

2.1. Cell culture and reagents {#s0015}
------------------------------

HNC cell lines (HN13, HN30, Cal27 and UMSCC12) and 293T cells were cultured in Dulbecco\'s Modified Eagle\'s Medium (DMEM, Basal Media, China) supplemented with 10% fetal bovine serum (Gibco, USA), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco, USA), at 37 °C in the presence of 5% carbon dioxide.

MG-132 and alvespimycin (17-DMAG) were purchased from Selleck (USA). Cycloheximide (CHX) was purchased from Sigma (USA). Antibodies used in this study are summarized in [Supplementary Table S1](#s0120){ref-type="sec"}.

2.2. Plasmid constructs and transfections {#s0020}
-----------------------------------------

Plasmids and siRNAs were transfected into cells using Lipofectamine 2000 (Invitrogen, USA) and OPTI-MEM^®^ I (Gibco, USA) according to the of manufacturer\'s instructions. The mammalian expression vectors used were pcDNA3.1(+)-myc-CHIP and pcDNA3.1-Flag-CD166; the plasmids pcDNA3.1(+)-myc and pcDNA3.1-Flag were used as control. The loss-of-function of CHIP mutants at the TPR (K30A) and U-box (H260Q) domain were generated using the QuickChange XL Site-directed Mutagenesis kit (Stratagene, USA). The primer sequences used for site-directed mutagenesis are shown in [Supplementary Table S2](#s0120){ref-type="sec"} [@bib10], [@bib19].

UMSCC12 stable cells displaying CHIP knockdown were generated by transfecting UMSCC12 cells with CHIP-specific short hairpin RNA ( shCHIP: 5′-GGA CGA CAT CCC CAG CGC TCT-3′) lentivirus after which 10 μg/ml of puromycin (Calbiochem, Germany) was added to select for positive clones [@bib17], and scrambled short hairpin RNA lentivirus were used for UMSCC12-Control. HN13 stable cells of CD166 knockdown were preserved from previous study [@bib20]. Validated siRNAs specific to CHIP and CD166 were transfected into cells ([Supplementary Table S3](#s0120){ref-type="sec"}).

2.3. Spheroid formation assay {#s0025}
-----------------------------

Live cells were dissociated and suspended in spheroid medium consisting of serum-free DMEM/F12 (Gibco, USA), human bFGF (20 ng/ml, Sino Biological Inc., China), human EGF (20 ng/ml, Sino Biological Inc., China), and B-27 supplement (Life Technologies, USA) in 6-well ultra-low attachment dishes (Corning, USA), as previously described [@bib4]. The spheroid morphology was observed microscopically, and the number of spheroids in three duplicates was counted.

2.4. Colony formation assay {#s0030}
---------------------------

Cells were suspended, counted, diluted, and seeded at 1×10^3^/well into 6-well plate in triplicates culturing for 7 days. Then, cellular colonies were fixed with paraformaldehyde and stained with coomassie brilliant blue subsequently. The number of large colonies, which containing over 50 cells for one colone, were counted and analyzed.

2.5. Immunofluorescence assay {#s0035}
-----------------------------

For immunofluorescence studies, cells were fixed in paraformaldehyde and permeabilized with 0.15% Triton X-100, after which the cells were blocked with 3% BSA. The samples were incubated with primary antibodies overnight at 4 °C followed by secondary antibody (Life, USA). Cellular nuclei were counter stained with DAPI (Roche, USA). All of the labeled cells were examined using a Leica confocal fluorescence imaging microscope with LAS AF software, version 2.0 (Leica Microsystems).

2.6. Immunoblotting and co-immunoprecipitation {#s0040}
----------------------------------------------

For immunoblotting, cellular extracts were acquired by using whole cell lysis buffer containing proteinase inhibitor cocktail (Roche, USA). After subjecting the lysates to 10% SDS-PAGE electrophoresis, proteins were transferred onto a polyvinylidene difluoride membrane by electroblotting. The membranes were then blocked in 5% skimmed milk for 1 h and incubated overnight at 4 °C with specific primary antibodies. Specific antibody-bound protein bands were visualized using an Odyssey Infrared Imaging System (LI-COR Bioscience, USA).

For co-immunoprecipitation (Co-IP) analysis, cells were lysed on ice by EBC buffer (50 mM Tris-HCl, pH 8.0, 125 mM NaCl, 0.5% NP-40, and protease inhibitor cocktail). Totally, 500 μg proteins were incubated overnight at 4 °C under rotation with primary antibodies or anti-Flag magnetic Beads (Sigma, USA). Immunoprecipitates bound to the primary antibodies were harvested by protein A+G agarose (Bioworld, USA). Samples of eluted immunoprecipitates were analyzed by immunoblotting.

2.7. Quantitative real-time PCR assay {#s0045}
-------------------------------------

Total RNA was extracted and reversely transcribed using the PrimerScript RT reagent Kit (TaKaRa, Japan) according to the protocols recommended by the manufacturer. The cDNA was subjected to quantitative real-time PCR (qRT-PCR) analysis using an SYBR Green Premix Kit (TaKaRa, Japan). The primer sequences are described in [Supplementary Table S2](#s0120){ref-type="sec"}. The relative expression was calculated using the 2^-ΔΔCT^ method.

2.8. Animal experiments {#s0050}
-----------------------

Male BALB/c nude mice (nu/nu, aged 4--5 weeks and weighing approximately 20 g) were purchased from Shanghai Laboratory Animal Center (Shanghai, China) and were housed under specific-pathogen-free conditions in the experimental animal care center of the Ninth People\'s Hospital of the Shanghai Jiao Tong University School of Medicine. Animal welfare and experimental procedures were conducted in compliance with the Guide for Care and Use of Laboratory Animals (The Ministry of Science and Technology of China, 2006) and the related ethical regulations of the hospital. The Animal Care and Use Committees of the hospital approved all experimental procedures.

Briefly, the nude mouse xenograft tumor models were established by subcutaneous injection of 5×10^6^ cells/per site. To evaluate the effect of 17-DMAG on the tumorigenesis of Cal27 cells, mice implanted with cells were randomly divided into two groups after the xenografts reaching a mean diameter of 5 mm (two sites were inoculated in one mouse, n=4), after which the mice were treated with 17-DMAG (10 mg/kg, i.p. 5 days per week) or DMSO as control. Tumor volumes (length × width^2^/2) were monitored.

2.9. Immunohistochemistry {#s0055}
-------------------------

Fresh tissues were fixed in 4% formaldehyde, embedded in paraffin and prepared into 5-micrometer sections. After deparaffinization, rehydration, and antigen retrieval, immunohistochemistry (IHC) staining was performed and endogenous peroxidase activity was quenched. The slides were incubated with primary antibody overnight at 4 °C. Then, the samples were incubated with a biotinylated secondary antibody for 50 min at 37 ℃, which was followed by staining with a DAB kit (GTVision, China).

2.10. Statistical analysis {#s0060}
--------------------------

The data were compiled using the software package SPSS. All experiments were performed in triplicate; and representative results were displayed. The values displayed correspond to the means±SD. Significant differences between two groups were determined based on Student\'s *t*-test and a *p*-*value*\<0.05 was considered statistically significant.

3. Results {#s0065}
==========

3.1. CHIP regulates CSC properties related CD166 alteration in HNCs {#s0070}
-------------------------------------------------------------------

We examine the potential effects of CHIP on CSC properties through *in vitro* spheroid cultures to enrich CSCs from HNC cell lines. As shown in the [Fig. 1](#f0005){ref-type="fig"}A, over expression of CHIP (CHIP^OE^) in HN13 cells caused a decrease in the rate of microsphere formation and reduced the budding formation of microspheres. Moreover, knockdown of CHIP expression in UMSCC12 cells greatly increased the rate of microsphere formation ([Fig. 1](#f0005){ref-type="fig"}A), indicating that CHIP expression negatively affects the CSC characteristics in HNC cell lines. Next, we examined the expression levels of EGFR and c-Myc, which are CHIP target proteins, and found decreased levels in CHIP^OE^ HN13 or HN30 cells ([Fig. 1](#f0005){ref-type="fig"}B). Then, we analyzed the expression levels of the CSC markers for HNCs, CD44 and CD166 [@bib4], [@bib21]. Although CD44 expression levels did not change significantly, we observed an obvious negative correlation between CHIP and CD166 protein expression in HNC cells ([Fig. 1](#f0005){ref-type="fig"}B) without changes in CD166 mRNA level ([Fig. 1](#f0005){ref-type="fig"}C).

To determine the expression relationship between CHIP and CD166 in HNC samples, consecutive pathological sections were subjected to IHC staining for CD166 and CHIP. Comparatively, CD166-positive cells were mostly located at the frontier of invasive cancer nest, and strong negative correlations were observed for the positive distributions of CHIP and CD166 in HNC samples ([Fig. 1](#f0005){ref-type="fig"}D). In the CHIP positive areas, low levels of CD166 expression were observed and vice versa. Besides, in UMSCC12-shCHIP xenografts, elevated CD166 expression levels were also observed ([Fig. 1](#f0005){ref-type="fig"}E). These data suggest a post-translational modification relationship between CHIP and CD166.

3.2. CHIP decreases the protein stability of CD166 in HNCs {#s0075}
----------------------------------------------------------

To further explore how CD166 expression is regulated by CHIP, we transfected a CHIP overexpression plasmid into HN13 and 293T cells, and we found that CHIP^OE^ decreased both endogenously and exogenously expressed CD166 protein in a dose-dependent manner ([Fig. 2](#f0010){ref-type="fig"}A-B). After blocking *de novo* protein synthesis by CHX treatment, CHIP^OE^ greatly promoted the degradation of CD166 protein in HN13 cells ([Fig. 2](#f0010){ref-type="fig"}C). Furthermore, we found that wild-type CHIP but not its enzymatically inactive mutants affected the CD166 protein levels ([Fig. 2](#f0010){ref-type="fig"}D). In the examined HNC cell lines, Cal27 and UMSCC12 cells expressed relatively lower endogenous CD166 levels ([Fig. 2](#f0010){ref-type="fig"}E), and we observed a clear increase in endogenous CD166 protein expression after knocking down CHIP expression ([Fig. 2](#f0010){ref-type="fig"}F). These data indicate that CHIP expression decreases the stability of CD166 protein *via* post-translational modification.

3.3. CHIP-CD166 axis regulates cancer stem-like properties in HNCs {#s0080}
------------------------------------------------------------------

In order to identify the effect of CHIP-CD166 interaction on CSC properties of HNCs, HN13-shCD166 cell line with reduced CSC properties (colony forming and microsphere forming) was introduced ([Fig. 3](#f0015){ref-type="fig"}A-B). Then, rescue assays were designed by suppressing the expression level of CHIP in HN13-shCD166 cells and by reducing the expression level of CD166 in UMSCC12-shCHIP cells. Consequently, we managed to increase CD166 expression level in HN13-shCD166 cells by knocking down CHIP expression ([Fig. 3](#f0015){ref-type="fig"}C). Compared with HN13-Control cells, the decreased colony and microsphere forming abilities of HN13-shCD166 cells were obviously enhanced with two pairs of siRNA sequences targeting CHIP ([Fig. 3](#f0015){ref-type="fig"}C). In UMSCC12-shCHIP cells, its increased CD166 expression was reduced by two pairs of siRNA sequences targeting CD166 ([Fig. 3](#f0015){ref-type="fig"}D). UMSCC12-shCHIP cells presented a higher CD166 expression and CSC properties than UMSCC12-Control cell, and knocking down CD166 expression in UMSCC12-shCHIP significantly decreased its colony and microsphere formation ([Fig. 3](#f0015){ref-type="fig"}D). These data strengthen the point that CHIP-CD166 axis plays important roles in regulating CSC properties of HNCs.

3.4. CHIP mediates the degradation of CD166 through ubiquitin-proteasome pathway {#s0085}
--------------------------------------------------------------------------------

As CHIP is an E3 ubiquitin ligase that interacts with and induces the ubiquitylation and degradation of its substrates [@bib11], [@bib22], we first investigated a potential direct interaction between CHIP and CD166 in HNCs. In the co-IP assay, endogenous CHIP and CD166 interacted with each other in HN13 and HN30 cells ([Fig. 4](#f0020){ref-type="fig"}A). Based on co-localization immunofluorescent staining, CHIP and CD166 were observed in similar focal patterns by confocal microscopy of HN13 and HN30 cells ([Fig. 4](#f0020){ref-type="fig"}B). Next, we incubated HN13 cells with the proteasome inhibitor MG-132 to block the ubiquitin-proteasome system. We observed that the protein level of CD166 was increased in CHIP^OE^ HN13 cells under the treatment of MG132 ([Fig. 4](#f0020){ref-type="fig"}C). As shown in [Fig. 4](#f0020){ref-type="fig"}D, MG132 treatment blocked the degradation of ubiquitinated exogenous CD166. When combined exogenous CHIP transfection and MG132 treatment, the ubiquitin levels were greatly enhanced for exogenous CD166 in 293 T cells and endogenous CD166 in HN13 cells ([Fig. 4](#f0020){ref-type="fig"}D-E). These data indicates that CHIP mediates the poly-ubiquitin-dependent degradation of CD166 through the proteasome. Because the roles of HSP90 and HSP70 in CHIP mediated proteasome degradation have been elucidated in previous studies [@bib22], [@bib23], we observed an up-regulation of HSP70 and HSP90 levels in the presence of the HSP90 inhibitor 17-DMAG. Upon treatment with 17-DMAG, we observed an increase in CHIP-mediated CD166 degradation in HN13 cells ([Fig. 4](#f0020){ref-type="fig"}F), suggesting that degradation of CD166 by CHIP depends on HSP90 and HSP70. In Cal27 xenografts, 17-DMAG treatment significantly suppressed the tumor growth *in vivo* ([Fig. 5](#f0025){ref-type="fig"}A-C). In the subsequently histological examination, the CD166 expression levels were decreased in the tissues from 17-DMAG-treated Cal27 cell xenografts ([Fig. 5](#f0025){ref-type="fig"}D).

4. Discussion {#s0090}
=============

Our previous studies have identified that CD166 participates in the regulation of CSC properties of HNCs. However, the over-expression reason of CD166 in CSCs is unknown by now. How to suppress CD166 expression effectively in CSCs? The post-translational regulatory mechanism underlying CD166 turnover also remains elusive. So, to further explore the role and mechanism of CD166 expression in regulating CSCs behaviors is so urgent.

In the present study, we observed a tight relationship between CHIP expression and CSC regulation. Enriched oral CSCs have also been reported to display induced differentiation abilities and enhanced migration/invasion/malignancy capabilities *in vitro* and *in vivo* [@bib24], [@bib25]. Cancer stem-like cells have been identified in various cancers, and some molecular systems have been characterized for regulating tumor initiation and stemness [@bib25]. Although previous reports showed the CHIP suppresses CSC properties in cancer cells, no target substrates have been identified to explain this phenomenon [@bib26]. Interestingly, we observed that CHIP but not its inactive mutants regulated the protein stability of CD166 in HNC cells, and CHIP-CD166 axis was identified to regulate CSC properties of HNCs.

Yan et al. reported that CD166 is a valuable marker for the enrichment of HNC stem cells by plasma membrane proteomic analysis [@bib4]. Altered expression of CD166 is associated with cancer progression in various cancer types [@bib27], [@bib28]. Because altered CD166 expression correlates with the development of cancers [@bib4], understanding the mechanisms underlying CD166 turnover is vital for clarifying CSC regulation. To validate that CHIP acts as an E3 ligase for CD166 in HNC, key steps in the ubiquitin-proteasome pathway were investigated and shown experimentally [@bib22], [@bib29]. We observed that CHIP directly interacts with CD166 in HNC cells. Moreover, when we inhibited the proteasome with MG132, the CD166 protein level was stabilized, and increased poly-ubiquitination of CD166 could be immuno-precipitated in CHIP^OE^ HNC cells. As previously reported, HSP90 played a pivotal role in the stabilization of many labile oncogenic client proteins, and CHIP functions in the molecular chaperone system with HSP90 and HSP70 [@bib8], [@bib9]. We illustrated the synergistic effect of CHIP and 17-DMAG in degrading CD166 *in vitro* and substantially decreasing *in vivo* CD166 expression by 17-DMAG, suggesting that HSP90 is involved in CD166 stabilization. Besides, we could also conclude that 17-DMAG showed the potential to inhibit the CSC behaviors through promoting the ubiquitin degradation of CD166 mediated by CHIP in HNCs.

The above data suggest that CHIP promotes the protein degradation of CD166 through the ubiquitin-proteasome pathway and that the inhibition of HSP90 could enhance CHIP-mediated degradation of CD166 ([Fig. 5](#f0025){ref-type="fig"}E). The acquirement of CD166 expression resulting from CHIP decreased expression gained further insights into the molecular regulations in the initiation of HNCs.

5. Conclusions {#s0095}
==============

The present study showed that CHIP regulates CSC properties of HNC through the CD166-CHIP-proteasome axis. Our results could provide new strategies for decreasing CD166 expression and suppressing CSC properties through the manipulation of E3 ligase CHIP in HNCs.
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![CHIP regulates CSC properties by affecting CD166 expression in HNCs. (A) The effect of altered CHIP expression on the microsphere formation ability of HN13 (\*\**p*=0.007) and UMSCC12 cells (\*\**p*=0.003). (B) The protein levels of CHIP targeting oncogene-related proteins and candidate CSC markers were determined in CHIP^OE^ HNC cells by immunoblotting assays. CD166 expression was decreased in CHIP^OE^ HN13 cells (\*\**p*=0.0053) and HN30 cells (\**p*=0.0256). (C) Real-time qPCR analysis was conducted to determine the mRNA level of CHIP and CD166 in HN13 and HN30 cells 24 h after transfection. (D) Immunohistochemistry staining for CD166 and CHIP was conducted using consecutive sections of HNC samples, bar=200 µm. (E) CHIP and CD166 expression levels were examined in consecutive sections of UMSCC12-Control and UMSCC12-shCHIP xenografts by immunohistochemistry staining, bar=100 µm.](gr1){#f0005}

![CHIP regulates the protein stability of CD166 in HNCs. (A) The effect of increasing the CHIP expression level on endogenous CD166 expression in HN13 cells (Exo, exogenous; Endo, endogenous). (B) The expression levels of endogenous and exogenous CD166 in 293 T cells with increasing exogenous CHIP expression. (C) The effect of CHIP on endogenous CD166 levels in HN13 cells in a time dependent manner upon treatment with cycloheximide (50 μg/ml). (D) The effect of CHIP mutants constructs on the expression levels of endogenous CD166 in HN13 cells (Exo: exogenous; Endo: endogenous). (E) CD166 protein expression levels were detected in HN13, HN30, Cal27 and UMSCC12 cells. (F) CD166 expression levels were determined in Cal27 and UMSCC12 cells after transfection with CHIP specific and scrambled siRNAs.](gr2){#f0010}

![CHIP-CD166 axis in the regulation of cancer stem-like properties of HNC cells. (A) Colony formation capacity of HN13-shCD166 cells compared with HN13-Control cells (\*\**p*=0.006). (B) Microsphere formation ability of HN13-shCD166 cells compared with HN13-Control cells (\*\**p*=0.003). (C) Western blotting results showed CD166 and CHIP expression levels in HN13-Control cells transfected with Scrambled siRNA seqeuence and in HN13-shCD166 cells transfected with Scrambled and two pair of CHIP specific siRNA sequences. Colony forming and miscrosphere forming abilities were detected and compared under the indicated treatment (\*\**p*\<0.01). (D) Western blot results showed CD166 and CHIP expression levels in UMSCC12-Control cells transfected with Scrambled siRNA seqeuence and in UMSCC12-shCHIP cells transfected with Scrambled and two pair of CD166 specific siRNA sequences. Colony forming and miscrosphere forming abilities were detected and compared under the indicated treatment (\*\**p*\<0.01).](gr3){#f0015}

![CHIP degrades CD166 through the ubiquitin-proteasome pathway in HNC cells. (A) The potential direct interaction of endogenous CD166 and CHIP was determined by co-IP analysis in HN13 and HN30 cells. (B) The direct co-localization of CD166 and CHIP in HN13 and HN30 cells was detected by confocal microscopy (red for CD166, green for CHIP). Nuclei were counter stained with DAPI (blue), bar=50 µm. (C) MG132 (10 μM) blocked the reduction in CD166 expression levels in HN13 cells transfected with exogenous CHIP. (D) The effects of MG132 and CHIP on the ubiquitination of exogenous CD166 were determined using a co-IP assay in 293 T cells. (E) The effects of CHIP on the ubiquitination of endogenous CD166 were determined by co-IP in HN13 cells co-transfected with HA-Ub. (F) The effect of 17-DMAG (2 μM) and CHIP on the protein expression levels of HSP90, HSP70 and CD166 in HN13 cells.](gr4){#f0020}

![HSP90 inhibitor 17-DMAG suppresses the growth of Cal27 xenografts *in vivo*. (A) Representative images of Cal27 xenografts in each group of mice after 20 days (8 sites in 4 mice). Mice received i.p. injection of 10 mg/kg 17-DMAG, or equivalent DMSO in PBS 5 days per week, respectively. (B) Tumor volumes changing of Cal27 xenograft in DMSO, or 17-DMAG treated mice. Tumor volumes were calculated with length×width^2^/2 of the xenograft (\**p*\<0.05, \*\**p*\<0.01). (C) Weights of the xenografts were compared between DMSO and 17-DMAG treated mice (\**p*\<0.05). (D) H&E staining and immunohistochemistry staining of CHIP and CD166 in consecutive sections of Cal27 xenografts in DMSO and 17-DMAG treated mice; bar=100 µm. (E) Schematic model for the degradation of CD166 through the ubiquitin-proteasome pathway mediated by CHIP.](gr5){#f0025}
